INTRODUCTION
Swine production in Brazil, as in the traditional swine-producing countries of the world, is an important income source of small farms, especially in the south of the country. This region accounts for 54.2 % of the country's swine herd, with approximately 39.4 million heads (ABIPECS, 2009 ). The high swine population, mainly raised in feedlots, has increased the pig slurry production. (Ceretta et al., 2010) , which is used as organic nutrient source in areas with annual crops and/or pastures. However, the amounts of manure applied are generally high and frequent and promote an accumulation of certain nutrients over the years, surpassing the soil adsorption capacity and crop requirements (McDowell et al., 2001; Berwanger et al., 2008; Scherer et al., 2010) . Furthermore, the increased nutrient concentration in the soil may enhance element transfer by runoff and percolation, such as nitrogen (N) and phosphorus (P), contaminating surface water and groundwater supplies (Daudén et al., 2004; Bergström & Kirchmann, 2006; Ceretta et al., 2010) .
Nitrogen is one of the nutrients in pig slurry with highest concentrations, of which approximately 50 % is in ammoniacal forms + and N-NH 3 -) (Joshi et al., 1994; Aita et al., 2006) . After manure application, nitrification occurs by nitrifying bacteria that oxidize ammoniacal N to nitrate (N-NO 3 -). Nitrification rates may vary from 0.98 to 1.53 kg ha -1 day -1 in manured soils, as observed by Aita et al. (2006) in an assessment carried out four days after pig slurry applications of 40 and 80 m 3 ha -1 , respectively, and all ammoniacal N present in manure can be nitrified within 10 days after manure application (Chantigny et al., 2001 ). This rapid transformation of ammoniacal N to N-NO 3 -significantly increases the concentration of N-NO 3 -in soil (Loria & Sawyer, 2005) . However, accumulation of N-NO 3 -in soil occurs in the first days after pig slurry application (Chantigny et al., 2004; Assmann et al., 2007; Adeli et al., 2008) and decreases over time due to its transfer by runoff (Smith et al., 2001a; Ceretta et al., 2010) and, mainly, percolation (Daudén et al., 2004; Basso et al., 2005; Bergström & Kirchmann, 2006) , as it forms an outer-sphere complex with low binding energy with surface functional groups of reactive soil particles.
Similarly to N, P is found in great quantities in pig slurry, of which more than 60 % is in inorganic forms (Cassol et al., 2001) . In soil, inorganic P resulting from applications or organic P mineralization is absorbed predominantly by the mechanism of ligand exchange. This occurs primarily in adsorption sites with higher avidity for phosphate ion forming high energy bonds and resulting in low nutrient availability in soil solution. However, the addition of high amounts of P in the manure causes a reduction in the adsorption capacity of soil adsorption sites (Siddique & Robinson, 2003; Adeli et al., 2008) . As a result, phosphate ions are adsorbed with lower binding energy, increasing their concentration in soil solution (McDowell et al., 2001) and their transfer by runoff (Smith et al., 2001b; Daverede et al., 2004; Ceretta et al., 2010) and percolation Vadas, 2006) possibly causing eutrophication of water sources.
Potassium (K) in pig slurry is found in its entirety in mineral form and is 100 % available at the time of slurry application (Ceretta et al., 2003) . In soils treated with pig slurry, Adeli et al. (2008) found K accumulation (Mehlich-3) to a depth of 30 cm. However, K applied to soil forms weak ionic bonds with the surface functional groups (Kaminski et al., 2007) , resulting in low accumulation levels, as observed by Scherer et al. (2007) in a Typic Hapludalf treated with pig slurry. These authors found no K accumulation after four annual manure applications of 40 and 115 m 3 ha -1 . In addition, K is the nutrient absorbed in highest quantities by most crops and is exported in large amounts in grains or dry matter (Ceretta et al., 2003) .
The objective was to evaluate the nutrient distribution in the profile of a soil under no-tillage after 19 pig slurry applications in 93 months, and to draw conclusions about the potential for N and P contamination in the environment. In January 2008, 93 months after implantation of the experiment, soil samples were collected in the three replications per treatment. A 60 cm trench was dug with a shovel for soil collection. Subsequently, slices of soil were cut from the trench wall and separated in layers (0-2, 2-4, 4-6, 6-8, 8-10, 10-12, 12-14, 14-16, 16-18, 18-20, 20-25, 25-30, 30-35, 35-40, 40-50 and 50-60 cm) . The soil was air-dried, manually ground with a clod breaker, sieved through 2 mm mesh and stored. In addition, soil from the layers 0-2, 2-4, 4-6, 6-8, 8-10, 10-12, 12-14, 14-16, 16-18 and 18-20 To determine the concentration of total nitrogen (N), 0.5 g of dry soil was filled in 50 mL digestion tubes with 2 mL of concentrated sulfuric acid, 1 mL of 30 % hydrogen peroxide and 0.7 g of a digestion mixture (Na 2 SO 4 + CuSO 4 .5H 2 O), according to the method proposed by Tedesco et al. (1995) . Subsequently, 20 mL of sample was distilled in a Kjeldahl distiller with 10 mL of 10 mol L -1 NaOH. The distilled fraction was collected in boric acid and titrated with 0.025 mol L -1 H 2 SO 4 .
MATERIALS AND METHODS

This
Samples collected down to a depth of 20 cm and frozen were used to determine the mineral N levels. For the extraction of mineral N, 5 g of soil and 50 mL of 1 mol L -1 KCl were filled in 100 mL snap-cap bottles. The samples were shaken intermittently for 30 min and left to stand for 30 min (Tedesco et al., 1995) . Subsequently, a 20 mL sample was distilled in a Kjeldahl distiller with 0.2 g MgO to determine the N-NH 4 + levels and with 0.2 g of Devarda's alloy to determine the levels of N-NO 3 -. The distilled fraction was collected in boric acid and titrated with 0.0025 mol L -1 H 2 SO 4 .
To determine levels of total P and K, 5 g of dry soil, 5 mL of hydrogen peroxide, 10 mL hydrofluoric acid, 2 mL of perchloric acid and 5 mL of hydrochloric acid were filled in a Teflon becker (Helmke & Sparks, 1996) . After digestion, 3 mL of each sample was pipetted into 50 mL plastic cups and a drop of 0.25 % p-nitrophenol a drop of 10 mol L -1 NaOH and 0.5 mL of ascorbic acid solution were added, according to the method proposed by Murphy & Riley (1962) . Samples were subjected to a UV-visible spectrophotometer. The levels of total K were determined by flame spectrophotometry (B262 Micronal).
Available P and K were extracted by filling 5 g of dry soil and 50 mL of Mehlich-1 in snap-cap bottles. Samples were shaken for 10 min and left to stand for 12 h. Then the available P levels were determined according to the above method. The levels of available K were determined by flame spectrophotometry (B262 Micronal).
The variation factors amounts of manure applied and soil layers were evaluated. Variance analysis was used to verify interaction between factors at p < 0.05. For the qualitative factor, the soil layers at the same dose differed significantly, when the average values were compared by the Scott-Knott test (α < 0.05). For the quantitative factor, the rates in the same soil layer differed significantly. Linear regression equations verified by the T-test (p < 0.05) were fitted and the coefficient of determination of the equation was determined.
RESULTS AND DISCUSSION
Successive pig slurry applications for 93 months promoted increasing levels of total N down to a depth of 30 cm at manure rates of 80 m 3 ha -1 and down to 25 cm at rates of 20 and 40 m 3 ha -1 (Table 3) . Considering only the 0-2 cm layer, the increase in total N was 14, 30 and 88 % for 20, 40 and 80 m 3 ha -1 of pig slurry, respectively. However, the increase in the top soil layers may be even higher, reaching 153 %, as observed in the USA by Adeli et al. (2008) after pig slurry applications to a pasture area for 15 years. These results can be explained by higher dry matter production of crops in the treatments with manure applications , as well as the use of no-tillage during the experiment, which provided an increase in levels of soil organic matter, as observed by Lourenzi et al. (2011) . This is because total N is closely related with the levels of soil organic carbon (SOC), as stated by Baldi et al. (2010) . These authors, studying different nutrient sources for eight years, observed that increased SOC promoted an increase in total N, with a correlation of 94 %.
Despite the N in manure applications, the increase of soil total N usually occurs gradually and slowly as the SOC content increases (Wienhold, 2005) . As a result, many fertilizer recommendation systems rely on the SOC content to determine the quantity of N to be applied to crops, as in the case of the fertilizer recommendation system proposed by the Commission in Chemistry and Soil Fertility of the States of Rio Grande do Sul and Santa Catarina (CQFSRS/SC, 2004), in southern Brazil. Thus, these results indicate that when total N in soil treated with pig slurry increases, the amount of N added to crops in other nutrient sources or even the manure rates may be reduced.
After 19 applications of 0, 20, 40 and 80 m 3 ha -1 of pig slurry for 93 months, there was no increase in soil mineral N, despite quantities of 951, 1,902 and 3,804 kg ha -1 of N added to soil at rates of 20, 40 and 80 m 3 ha -1 , respectively. This shows that there was a transfer of mineral N to layers below 60 cm when using pig slurry. This was confirmed by Aita et al. (2006) under conditions similar to the ones in this study. In addition, transfer by runoff occurred as well as reported by Ceretta et al. (2010) and Smith et al (2001a) . Furthermore, mineral N may be involved in transfer by ammonia volatilization, mainly from soils under no-tillage, once manure is applied onto crop residues without soil incorporation and the transferred quantities may reach 32 % of the total N applied via manure (Mkhabela et al., 2008) .
Some studies indicate accumulation of mineral N in soils after a sequence of pig slurry application, as those conducted by Chantigny et al. (2004) , Assmann et al. (2007) and Adeli et al. (2008) , though these results can be explained by the soil sampling time. While in these studies the soil was sampled no later than five months after manure application, the soil in our study was sampled 10 months after the last pig slurry application. This also helps to explain the non-increase in levels of mineral N under the latter experimental conditions. Total P content increased to a depth of 30 cm after 19 pig slurry applications, particularly in the 0-2 cm R. Bras. Ci. Solo, 37:157-167 layer, where the increments were 105, 216 and 345 %, whereas in the 25-30 cm layer pig slurry rates of 20, 40 and 80 m 3 ha -1 , respectively, induced increments of 12, 20 and 65 % (Table 4 ). According to Dormaar & Chang (1995) , this can be explained by the constant input of high amounts of P in soil through successive manure applications. Furthermore, the increase in total P throughout the soil profile is associated with hydrolysis of organic compounds with subsequent adsorption of inorganic P, with the proper organic molecules, to soil colloids (Hountin et al., 1997) .
The levels of available P also showed an increase to the depth of 60 cm (Table 4) . However, the increment of available P was more expressive than of total P, reaching 762, 1,466 and 3,883 %, in the layer 0-2 cm, and 19, 188 and 300 %, in the 50-60 cm layer, at pig slurry rates of 20, 40 and 80 m 3 ha -1 , respectively. This may be explained by the high P amounts applied in manure in the 93 months of the experiment, mainly in the last two growing seasons (Table 2 ). In an evaluation of the same experiment, Berwanger et al. (2008) found accumulation of available P to a depth of 15 cm, in soil sampled in May 2005 when 14 pig slurry rates had been applied, totaling 1,124.4 kg ha -1 of P in 80 m 3 ha -1 of pig slurry. On the other hand, soil in this study was collected in January 2008 after 19 slurry rates had been applied, totaling 2,511.2 kg ha -1 of P in a rate of 80 m 3 ha -1 . In other words, in the last five applications, 1,386.8 kg ha -1 of P was added in 80 m 3 ha -1 of pig slurry, compared to that found by Berwanger et al. (2008) . This large amount of P applied to soil in a short period may have further contributed to saturate the adsorption sites of reactive particles of the top soil (1) Means followed by the same letter in a column do not differ by Scott-Knott (α =0.05); ns and * = not significant and significant at 5 %, respectively.
Table 3. Amounts of total and mineral nitrogen (N) in layers of Typic Hapludalf after 19 pig slurry applications
layers, reducing the P binding energy, which stimulated the accumulation and transfer of P to a depth of 60 cm.
Fertilizer and liming recommendation for notillage crops in southern Brazil (States of Rio Grande do Sul and Santa Catarina) is based on soil analysis of the 0-10 cm layer (CQFSRS/SC, 2004) . Levels of available P and clay content in soil are used as criteria for the recommendation of P. In treatments without slurry application, the available P content was 12.08 mg kg -1 in the 0-10 cm layer, which is considered low (levels between 7.1 and 14 mg kg -1 in soil with 20 % clay). However, after 19 pig slurry applications, at rates of 20 m 3 ha -1 , the available P content increased to 122 mg kg -1 (increase of 853 %) and was considered very high (> 42 mg of available P in soil with 20 % of Table 4 . Amounts of total and available phosphorus (P) in layers of a Typic Hapludalf after 19 pig slurry applications
(1) Means followed by the same letter in a column do not differ by Scott-Knott (α = 0.05); ns and * = not significant and significant at 5 %, respectively. R. Bras. Ci. Solo, 37:157-167 clay), according to CQFSRS/SC (2004) . After manure application of 40 and 80 m 3 ha -1 , increases of available P content in the 0-10 cm layer were even more significant, reaching 275.9 and 753.9 mg kg -1 (increase of 2,056 and 5,791 %), respectively. Similar results were obtained by Ceretta et al. (2003) in a study of natural pasture treated with pig slurry. These authors tested 28 manure applications in 48 months and found increases in the levels of available P of 3,943 and 6,710 % for 20 and 40 m 3 ha -1 in the 0-10 cm layer, respectively. The relevance of the results obtained in this study indicates that successive pig slurry applications provide quantities exceeding the recommended with regard to phosphate fertilizer in annual crops and pasture. Thus, the application of high amounts of manure or even of small quantities with high P concentrations can raise soil P levels, exceeding those considered optimal for plant growth, and as a consequence, increase the risk of environmental contamination through P transfer in runoff and leaching to aquifers. Therefore, the use of more suitable criteria to determine pig slurry quantities according to crop requirements, based on the method used by CQFSRS/SC (2004), should be encouraged, considering the need for nutrient application as a complement to the requirement of other nutrients via other sources, especially of commercial mineral fertilizers.
The 19 applications of 0, 20, 40 and 80 m 3 ha -1 of pig slurry for 93 months did not change the levels of total K in soil (Table 5) . One of the explanations for this result may be the characteristics of the soil, with a low clay content (170 g kg -1 ), high weathering degree and a low amounts of 2:1 clay minerals. This means a low capacity to retain soil K with higher energy and justifies the fact that the manure application increased available K in very low percentages to a depth of 60 cm (Table 5) .
Similar percentage increases in available K levels in the surface and deeper soil layers indicated a transfer of K in the soil profile, as observed by Scherer et al. (2010) in a Typic Hapludalf with crops treated with annual pig slurry applications for over 20 years. However, in cropping systems where the shoot drymatter is removed from the soil surface, e.g., in the case of some species used in pastures, even with the addition of high amounts of K fertilizers, the concentrations of available K in soil may have a negative balance. This was observed by Lloveras et al. (2004) in soils with alfalfa and treated with annual pig slurry applications (0, 25 and 50 m 3 ha -1 ) for two years. Similar results were reported by Ceretta et al. (2003) in Paraíso do Sul, RS, where after 28 pig slurry applications in four years and removal of the pasture every time it was cut, even with manure application rates of up to 40 m 3 ha -1 , the available K content was lower than in the area without manuring.
The fertilizer recommendation system adopted in the South of Brazil (CQFSRS/SC, 2004) considers optimal levels of available K when > 60 mg kg -1 in soils with CEC pH7,0 between 5 and 15 cmol c dm -3 . At the beginning of the experiment, available K in the 0-10 cm soil layer was 96 mg kg -1 , considered high (levels between 60 and 180 mg kg -1 in soils with CEC pH7,0 between 5 and 15 cmol c dm -3 ) (CQFSRS/SC, 2004). After 19 pig slurry applications, the levels of available K were 51, 60, 66 and 86 mg kg -1 in the 0-10 cm layer, respectively, for 0, 20, 40 and 80 m 3 ha -1 of pig slurry. There was a small decrease in K content with slurry application, although quantities of 303, 606 and 1,212 kg ha -1 of K were applied in 20, 40 and 80 m 3 ha -1 of pig slurry, respectively. These results show that there was K transfer by percolation and transfer of available K in runoff was also stated by Ceretta et al. (2010) . As the shoot dry matter of crops was not withdrawn, the hypothesis of Lloveras et al. (2004) that there is great export of K through the shoot dry matter of crops could not be considered in this study. However, it was possible to maintain high levels of available K in the 0-10 cm layer with successive pig slurry applications, considered ideal by the CQFSRS/SC (2004).
CONCLUSIONS
The fact that 19 pig slurry applications, over 93 months, did not provide an increase in mineral N in soil depth, but increased levels of available P and K, showed that there was transfer of N, P and K to layers below the sampled limit of 60 cm. This shows undesirable environmental and economic consequences of pig slurry application and reinforces the need for a rational use, which involves using lower quantities of manure combined with mineral fertilizers. In this way, it is possible to achieve the objective of applying the required quantity of each nutrient for plant growth, maintaining the desired soil content and especially minimizing the potential risks of environmental contamination by excessive N and P applications. (1) Means followed by the same letter in a column do not differ by Scott-Knott (α = 0.05); ns and * = not significant and significant at 5 %, respectively.
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